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Accepted 19 Sept 2022 The general objective of this work is to characterize a raw clay here named D1, from Niger-
Maradi, and its clay fraction (named D2) in order to detect whether their physico-chemical,
Reoneh mineralogical and morphological charactqristigg allow them to be used as a structuring
v support in the synthesis of ZSM-5 aluminosilicate catalysts. Seven (7) analyses were
Raw Clay, performed on these clays: X-ray Diffraction (XRD), X-ray Fluorescence (XRF), Fourier
v Mineral Qlayf Transform Infrared Spectroscopy (FT-IR), Cation Exchange Capacity (CEC), Loss on
v’ Characterization, Ignition (LOI), Brunauer, Emmet and Teller Analysis (BET) and Scanning Electron
v ZSM-5, Microscopy (SEM). From these analyses, it appears that D: is a mesoporous
v’ Synthesis aluminosilicate material which contains mainly kaolinite, illite, smectite, chlorite and

impurities (carbonates, quartz etc). The other one, D2 is also a mesoporous aluminosilicate
material, but with almost no impurities and containing the same clay minerals in the
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proportions of 81.8% kaolinite, 14.2% illite and 4% of an irregular clay mineral
smectite\chlorite; i.e. 96% non-swelling clays (kaolinite and illite) and 4% swelling clays
(smectite).

1. Introduction

Zeolite catalysts, Zeolite Socony Mobil-Five (ZSM-5), have over the years become the most widely
used catalytic materials in the refining industry due to their high acidity and good shape selectivity [1],
[2]. They are used in several refining processes including oligomerization [3—8] and catalytic cracking
[9-17]. Catalytic cracking is an operation which consists in fragmenting on an acid catalyst at a
temperature close to 500°C and at low pressure, hydrocarbons whith high molecular weight into
hydrocarbons whith lower molecular weight [2].
ZSM-5 catalysts can be synthesized from industrial materials such as Tetrapropylammonium (TPA),
industrial silica (LUDOX HS-40) and aluminum isopropoxide where they respectively play the role of
matix, addative which provide the hardness to the catalysts and give yhem reaction sites [18]. Due to
TPA’s toxic and polluting nature during the synthesis of ZSM-5 catalysts and its high cost, researchers
have turned to a much more economical and ecological alternative by using clay minerals [19]. Thus,
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researchers such as Pan and al/, 2017 [20]; Xing and a/, 2017 [21]; Nanzhe and a/, 2019 [22]; Yue and
al, 2020 [23] and Wu and al, 2020 [24]; have used kaolinite, attapulgite, illite, rectorite and
palygorskite, respectively, to synthesize the ZSM-5 aluminosilicate zeolite catalysts. The synthesis of
these catalysts is generally carried out by two ways: the dry way which does not use solvent [25-27]
and the hydrothermal way which uses solvent in the experimental protocol [20, 22, 28]. The
hydrothermal way is still the most suitable for the synthesis of ZSM-5 catalysts, as the solvent is
required for proper crystallization of ZSM-5 zeolite [24].

The need for refining catalysts in Niger and Nigeria is increasing with the planned expansion of the
Refining Society of Zinder (SORAZ) in Niger and with the commissioning of the world's largest
refinery (650,000 barrels/day), DANGOTE REFINERY, in Nigeria. However, Niger has a great
potential in clay materials whose use is generally limited to the construction of houses and in pottery
[29-32]. The synthesis of these types of catalysts, ZSM-5, based on clay minerals from Niger could be
interested to these companies.

The main objective of this work was to characterize clays from Niger-Maradi (a raw clay and its fine
fraction) in order to discuss the possibility of their use as matrix of ZSM-5 aluminosilicate catalysts.

2. Methodology:

2.1 Sampling:

The raw clay noted D1 which is the subject of the present study was collected in Niger in the region of
Maradi figure 1 more precisely in the locality of Djirataoua (GPS coordinates: Depth 3m; Latitude N
13°24'39,6"; Longitude E 7°08'41'6").

Nigeria

Figure 1: Sampling site location.

2.2 Preparation of the purified clay:

The purified clay named D> was obtained from raw clay D; following the procedure proposed by
Medard Thiry et al [33, 34]. First, the raw clay D; underwent the decarbonation and destruction
operations of the organic matter respectively with hydrochloric acid HCI and hydrogen peroxide H>O
at 10%. The mixture of water D and raw clay was gently stirred during the treatment to accelerate the
release of clay minerals. If the water in the beaker is quite cloudy, the water is collected without residue
from the bottom. However, if the water remained clear, it is necessary to treat with ultrasound. The
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rinsing is done with the centrifugator and its aim is to eliminate dissolved impurities in the water in
order to promote a better deflocculation of the clay minerals. To eliminate these impurities, it is
necessary to put the mixture water and D; into the centrifugator by proceeding as follows: centrifuge
at 3000 trs/mn during 10 mn, then, to repeat the operation until obtaining a turbid solution. The clay
minerals were only extract from cloudy solution. It was carried out by means of centrifugation by to
the following procedure:

» add few drops of ammonia to accelerate deflocculation;

» start the centrifugation at 1000 rpm during 1 mn 06 s;

» stop the machine and remove the supernatant.
Finally, the clay mineral was put in a porcelain crucible and dried at 60°C. This clay minerals sample
obtained was noted D».

2.3 Analysis Methods:

2.3.1 X-Ray Diffraction (XRD):

X-ray Diffraction (XRD) was performed on raw clay Di and on the Clay Fraction D>. The XRD
analysis on sample D1 was performed with an ANCHOR SCAN version "1.0" Difractogram at Ahmed
Bello University (ABU) in the Federal Republic of Nigeria. The scan is from 5.02 to 75.97° in 0.02 s
steps with a duration of 29.07 s; Cu anticathode; 45 kV-40mA.

XRD analysis on the clay fraction D> occurred on an oriented slide. For this purpose, pillboxes of 30ml
capacity are shaken by hand in order to suspend 30 ml volume of the clay minerals, then left to stand
for 50 minutes. After decantation, the upper part of the suspension is carefully taken with a pipette on
a height of 02 cm. The collected clay solution is air-dried on a glass slide. Once dried, the slide is
analyzed by XRD; using the Bruker D8 ADVANCE diffractometer and is then placed in an ethylene
glycol saturated atmosphere for 12 hours.

The slide is again analyzed by XRD and then heated in an oven at 550 °C for 2 hours and analyzed
again by XRD. The identification and quantification of minerals were performed using the FITYK
software. The intensity correction factors of Thorez (1976) were used for the quantification of clay
minerals. The extraction of D2 and its analysis by XRD were carried out at the PETROCI Analysis and
Research Center in the Republic of Ivory Coast.

2.3.2. X-Ray Fluorescence (XRF):

X-ray fluorescence (FRX) was carried out using a THERMO-SCIENTIFIC instrument at the Geology
Laboratory of the African Centre of Excellence in Mining and Mining Environment (CEA-MEM) of
the INP-HB of Yamoussoukro (Ivory Coast) to determine samples D1 and D> elemental mineralogical
composition. Measurements in "MINING" mode, in the 20 range for 120 min, were performed on an
accessory equipped with a RFID (Radio Frequency Identification) chip allowing the analyzer to detect
it automatically in order to convert it into a benchtop analyzer. The data transfer was done directly on
computer thanks to a powerful reader called Niton XL3t coupled with a NDF software.

2.3.3 Infrared Spectroscopy (IR):

Infrared spectroscopy (FT-IR) was carried out in ATR (Attenuated Total Reflectance) mode on D and
D>, at the Spectral Laboratory of the University of Kaduna, Federal Republic of Nigeria, with a Bruker
Alpha Fourier Transform Spectrometer, brand SHIMADZU, equipped with a diamond crystal in the
wavelength range from 400 cm™! to 4000 cm™!.
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2.3.4. Cation Exchange Capacity (CEC):

Clays are characterized by a Cationic Exchange Capacity (CEC), which is defined as the number of
monovalent cations that can be substituted for the compensating cations present in their interfoliar
spaces, to balance the electrical charge of 100 g of calcined clay. The CEC of clay minerals is expressed
in meq/100g. Among the existing methods for the determination of the CEC, these of Mantin and
Glaeser [34] using cobalthexamine was chosen. This method allows to determine in the supernatant,
the concentration of cobalthexamine not retained by the clay. Based on the colorimetric measurement,
by means of a visible-UV spectrometer.

In the present work, a mixture of 100 mg of clay (D; or D2) and 25 ml of the cobalthexamine solution
of initial concentration C; = 5.10-3 mol/l is maintained under a stirring for 3h. After centrifugation, the
supernatant is recovered and the final concentration Cr of the cobalthexamine solution is measured
from the absorbance recorded at 476 nm with a UV/Vis/NIR spectrophotometer using the Beer-Lamber
law. The amount of cobalthexamine retained per 100 mg of raw clay Di (or clay fraction D) is
determined by the difference of the concentration C; and Cr.

2.3.5. Loss On Ingnition (LOI):

The loss on ignition or loss in weight expressed in percentage (%) is the weight of a sample after
calcination at 1100°C, compared to the initial weight of the sample. It allows to know the quantity of
the products likely decomposed or volatilize during the calcination. The loss on ignition of clay samples
was measured by introducing a mass P of this clay in a porcelain crucible previously tared. The crucible
was placed in an oven, with a gradual increase of the temperature to 1000°C for 1h. The crucible is
then placed in a desiccator to cool it and weighed; the mass obtained was P' [35]. The value of the loss
on ignition is given by the following formula:

pP—p
PAF = ——x 100 Eqn. 1

2.3.6 Brunauer-Emmet-Teller (BET) analysis:

The physical characteristics of D1 and D> were obtained through Brunauer, Emmet and Teller (BET)
analysis which was carried out using an apparatus called QUANTACHROME-NOVAWIN version
11.03 at the University of Kaduna, Federal Republic of Nigeria. For this purpose; 0, 12 g of the sample
was taken, which sample was subjected to adsorption and desorption of N> at 77.350°K for 3 hours.

2.3.7 Scanning Electron Microscopy (SEM):
Scanning Electron Microscope (SEM) observation was performed on D; and D> to visualize the
morphology of these samples.

3. Results and discussion:

3.1 X-Ray Diffraction (XRD):

The result of the raw clay D1 X-ray diffraction (XRD) analysis is shown in the following Figure 2. In
Figure 2 above, peaks are observed around: 9° (20) characteristic of Illite [(K, H30) (AL Mg, Fe)> (Si,
Al)s O10((OH)2, (H20))] [36, 37], 12° (20) characteristic of Kaolinite [(Al2Si2O9H4)] [38], 21° (26)
and 26° (20) characteristic of quartz [Si306], finally, 22° (20) and 28° (20) characteristic of Feldspar
[KAISi308] [39]. D1 sample contains; besides clay minerals such as illite, kaolinite and feldspar other
elements considered as non-clay including; free quartz. The presence of free quartz in the clay is
undesirable for its use in the ZSM-5 catalyst synthesis according to the work of Xing and a/ [21], Pan
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and a/ [20], and Liu and al/ [40]. X-ray diffractogram of the fine fraction D, is presented in figure 3
below.

10000 <o

9000 LEGEND:

8000 Q : Quartz

7000 K : Kaolinite

6000 I: Albite
=y .
g 5000 F: Fefdspath
g

4000

3000

2000

1000 | g Fool= | h u

0
5 15 25 35 45 55 65 75
20 (°)

Figure 2: Raw clay D X-ray diffractogram
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Figure 3: Natural clay fraction D, X-ray diffractogram, treated with ethylene glycol then heated to 550°C.

Figure 3 above shows the results of the natural D> clay fraction XRD analysis, treated with ethylene
glycol and heated to 550°C. The spectra analysis using the clay mineral identification and
quantification software, FITYK, showed characteristic pics of kaolinite (K), illite (I) and smectite
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(smectite\chlorite: M) [29]. It should be noted that elements such as feldspar and quartz are no longer
present in the clay fraction (figure 2). This indicates that the purification operations employed here
were well carried out. The quantification of the clay minerals present in the clay fraction shows a
large predominance of kaolinite with 81.8%. The illite content was estimated at 14% while that of
smectite is 4%. This mineralogical composition indicates that this Niger-Maradi clay is a mixed clay,
i.e. it contains 96% non-swelling clays (kaolinite and illite) and 4% swelling clays (smectite). These
results are similar to those obtained by O.D.M Abdoulaye and al/, 2019 during their work on the
mineralogical and morphological characterization of a clay from Niger-Tahoua [31]. These results
are also similar to those of M.A Maman et al, 2017 [41] and M. Gourouza et al, 2013 [29]. In view
of the use of clay made by the previously mentioned authors, Niger-Maradi D> clay sample can also
be used for the synthesis of the aluminosilicate catalyst ZSM-5.

3.2 Fluorescence des Rayons-X (FRX) :

Elemental chemical analysis by X-ray fluorescence (XRF) was performed on D; and D». The results
of this analysis indicate the predominance of silica and alumina in D; and D, according to Table 1
below:

Table 1: Chemical composition and SiO2\Al,Os ratio of D; and D».

) o Samples

Oxides (%) ) D,
SiO, 58.851 42.888
ALO3 14.515 20.096
Fe;0; 8.294 12.354
MgO 3.27 2.366
P,0s 0.8877 0.3305
SO; 0.0784 0.1178
TiO; 0.8425 0.8954
MnO 0.7536 0.2161
CaO 0.8793 1.4001
K;O 2.1432 0.9424
Na,O 1.8770 0.607
Zr0, 0.1661 0.0129
SrO 0.156 0.2769
Others 7.2862 17.4969
Si0,/AL O3 4.054 2.134

These results show that, for the D; case, the percentage of silica and alumina is very high, i.e.
Si02/AL205 ratio equal to 4.054. This is significantly higher than the classical SiO2/Al>O3 ratio of
kaolinite which is lower than 2 [42]. This remarkable difference indicates the probable presence of free
quartz in D in great proportion [43], hence the need to proceed to the extraction of the clay fraction
Ds. In the clay fraction D2, a decrease in SiO; content and an increase in Al2O3; content were observed,
resulting in a Si02/AL20s ratio equal to 2.134, which is slightly higher than that of kaolinite [42]. This
could be explained by the purification that D; sample underwent. There is also a significant increase
in the content of other oxides such as iron (Fe;03), calcium (CaO) and titanium (TiO»).

In addition, this analysis shows that the D> sample contains almost no metals (trace) such as vanadium
and nickel. However, a high concentration of these metals in natural clay minerals could negatively
affect the performance of a catalyst, according to E. A. Emam [39]. Metals such as vanadium and nickel
also cause catalysts poisining and eventually cause their deactivation [44].
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3.3 Infrared Spectroscopy (IR):

Fourier Transform Spectrometry (IR) was performed on D; and D> samples in order to complete the
X-ray diffraction. This analysis allowed to highlight the nature of the chemical bonds as well as the
nature of the atoms involved in these bonds; almost unobservable with the X-ray diffraction. The
following figure 4 and figure 5 give the IR spectrum of D; and D, respectively.
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Figure 5: IR spectrum of D> sample

The observable bands between 600 and 1200 cm™!, on figure 4, indicate the presence of aluminosilicates
in the D1 sample, thus on the Si-O and Al-O interatomic bonds [45] . According to O. Bouras, the bands
between 468 and 525 cm™! are those of the vibrations of the formation of Si-O-Mg and Si-O-Al [46].
The bands at 3699, 3622, 1110, 1031, 1008, 910 cm™!, are those of kaolinite [47, 48]. The characteristic
vibrational bands of quartz are observed at 779 and 695 cm™! [48]. Indeed, other vibrational bands of
Si-O formation are observed around 1017 and near 1019 cm™! and a hydroxyl formation vibrational
band around 1637 cm™! [43, 49].

It can be seen on the IR spectrum of D» (figure-5) that the characteristic vibrational bands of quartz
(779 and 695 cm!), are no longer observable. This can be explained by the purification of the D, sample
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which allowed the removal of quartz crystals, organic matter and carbonates. The observable bands
around 468 and 525 cm™! characteristics of Si-O-Mg and Si-O-Al [46] formation vibrations are replaced
by bands around 749.2 and 790.2 cm! [50]. The latter are assigned to the vibrations of the elongation
of Si-O-Al bonds and hydroxyls perpendicular to the surface (translational O-H) [45]. The
characteristic bands of kaolinite are observable between 909.5 and 1211.4 cm™ on the D, IR spectrum.
Other adsorption bands characteristic of phyllosilicates (illite, smectite and chlorite) are observed
around 3623 and 3693.8 cm™!. These results of the IR analysis are in perfect agreement with the results
of the X-ray diffraction in that they reveal that D; sample contains, in addition to quartz crystals,
phyllosilicate clay minerals such as kaolinite, illite, smectite and chlorite. As for D> sample, it contains
only clay minerals (kaolinite, illite, smectite and chlorite).

Yet, several authors have used phyllosilicate clay minerals to synthesize ZSM-5 zeolite. Yue and a/,
2018 [19] used, in addition to diatomite, rectorite, which is a two-phyllosilicate clay mineral (smectite
and mica) to synthesize ZSM-5. Xing-Yang and a/, 2017 [21], used attapulgite which is a phyllosilicate
mineral to synthesize the aluminosilicate catalyst ZSM-5. Liu and al/, 2019 [22], also used illite which
is a non-swelling phyllosilicate clay mineral to synthesize ZSM-5.

In the same way Wu and a/ 2020 [24] also used palygorskite, which is a phyllosilicate clay mineral, to
synthesize the ZSM-5 catalyst. Yue and a/, 2020 [19] used allevardite, which is a regular clay mineral
with two phyllosilicates (smectite and mica), to synthesize the zeolitic aluminosilicate catalyst ZSM-5
as well. As the purified clay, D> contains clay minerals (kaolinite, illite, smectite and chlorite). It could
be used for the synthesis of zeolitic aluminosilicate catalysts ZSM-5.

3.4 Cation Exchange Capacity (CEC):

The CEC value of D; found is 22.8 meq/100g while that of D is 40 meq/100g. It can be seen that both
CEC values found exceed the range of CEC value of standard kaolinite, which is 1-3 [43]. They are
between 10-40 which is the range of CEC value of standard illite [4]. This confirms the simultaneous
presence of clay minerals such as kaolinite and illite in D; and D>, hence the mixed character of D; and
D». It is also noted that the CEC value of D> is higher than the CEC value of D;. This is probably due
to the presence of impurities (carbonates, quartz, hematite etc) in Dy [37, 51].

Indeed, the knowledge of these CEC values (22.8 meq/100g for D; and 40 meq/100g for D») indicates
the presence of clay minerals such as kaolinite, illite etc. in the samples (D; and D). According to
Abdoulaye and a/ [31], Mahmoudi and a/ and Murray [41, 52]; the use of these minerals as a catalytic
support is very advantageous, since they might guarantee the performance of catalysts.

3.5 Loss on ingnition (LOI):

The loss on ignition value of D; obtained is 6.30%, which is an intermediate value and that of D,
obtained is 18%. The latter may be related to the decrease in silicate and carbonate mineral contents
during purification. This decrease could be due to the loss of adsorbed water and dehydroxylation of
phyllosilicates [43]. This confirms XRF analysis which also shows a decrease in the proportions of
silicate minerals (Si0z) during the transition from D; to D».

3.6 Brunauer, Emmet and Teller (BET) analysis:

This analysis allowed us to study the physical characteristics of D; and D> samples, by the N
adsorption-desorption isotherms, i.e. specific surface area (SS), pore volume (VP) and pore diameter
(DP). The results of this analysis are compiled in Table 2.
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Table 2: Specific surface area (SS), pore volume (VP) and pore diameter (DP) data of Dy and Do.

Surface area Pore volume Pore diameter
(m*/g) (cm?/g) (nm)
D, 446.5 0.2201 2.128
D> 256.3 0.1267 2.100

Table 2 above shows specific surface, pore volume and pore diameter results of Dy and D,. The BET
specific surface area (SS) of D1 decreased when switching from D; to D; (after treatment). It decreased
from 446.5 to 256.3 m?/g. The pore diameter decreased from 2.128 to 2.100 nm; the pore volume was
also reduced from 0.2201 to 0.1267 cm?/g. In view of these results, we can state that sample D; and D
are all mesoporous, if we limit to the classification proposed by Dubinin adopted by the International
Union of Pure and Applied Chemistry (IUPAC) [53]. In addition, D; and D> have a good specific
surface area for adsorption, according to the European patent for the ZSM-5 synthesis, as it is between
100 and 550 nm [54]. The mesoporous morphology, according to S. Moon et al, 2018, is suitable for
ZSM-5 aluminosilicate catalysts analysis [5].

3.7 Scanning Electron Microscopy (SEM):

Scanning electron microscopy allows, to observe not only the texture of clay samples, but also to
characterize the mineralogical assemblages. Images obtained from D; (a) and D> (b) by SEM with
magnifications of 100um are shown in the following Figure 6.

Figure 6: D; (a) and D> (b) at 100um magnifications Scanning Electron Microscopy (SEM) images.
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The images in Figure 6 above show clay particles with irregularly contoured rod-like platelets and
clusters in the D; (a) and D> (b) images. These morphologies, as observed by A. Qlihaa [43], are
characteristic of kaolinite, illite and other poorly crystallized clay minerals such as smectite and chlorite
[43]. This shows that Dy and D, samples contain kaolinite, illite, smectite and chlorite. It can be seen
that sample D> has a higher concentration, compared to sample D1, of clay particles in the form of rod-
like platelets and clusters. Thus, sample D> contains more clay minerals than Di. The clusters clearly
observable in the image of D (a) reflect the presence of carbonates and the small grains observable in
D1 also reflect the presence of quartz [55] in the D; sample. These results are in agreement with the
results of the XRD and XRF analysis.

Conclusion

Experimental techniques such as X-ray Diffraction (XRD), X-ray Fluorescence (XRF), Fourier
Transform Infrared Spectroscopy (FT-IR), Cation Exchange Capacity (CEC), Loss on Ignition (LOI),
Brunauer, Emmet and Teller Analysis (BET) and Scanning Electron Microscopy (SEM) used in the
present work of characterization of the raw clay D1 from Niger-Maradi and its clay fraction D»; allowed
to highlight the physicochemical, mineralogical and morphological aspects of D and D> samples.
Thus, it was established that the sample D, is a mesoporous aluminosilicate material which contains
essentially clay minerals, in the form of clusters and fine aggregates, such as kaolinite, illite, smectite,
chlorite and impurities (carbonates, quartz etc). D> is also a mesoporous aluminosilicate material, but
with almost no impurities and contains the same clay minerals in the form of clusters and fine
aggregates, in the proportions of 81,8% of kaolinite, 14,2% of illite and 4% of an irregular clay mineral
smectite\chlorite. D1 has a Si02\AL>O3 ratio of 4.054% while that of the clay fraction D> is 2.134%.
The CEC of D and D> are 22.8 meq/100g and 40 meq/100g respectively. The loss on ignition of the
sample D and D> are respectively 6.30% and 18%. D has a specific surface area (SS) of 446.5 m?/g,
a pore diameter (PD) of 2.128 nm and a micropore volume (MPV) of 0.2201 ¢m?®/g while D has a
specific surface area (SS) of 256.3 m?/g, a pore diameter (PD) of 2.100 nm and a micropore volume
(MPV) of 0.1267 cm?/g. In relation to the results previously presented, we can affirm that the samples
of raw clay D and of the fine fraction D> of Niger-Maradi have the physico-chemical, mineralogical
and morphological characteristics required to be used in the synthesis of ZSM-5 aluminosilicate zeolite
catalysts.
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